The data-based mechanistic (DBM) modelling methodology is applied to the study of reservoir sedimentation. A lumped-parameter, discrete-time model has been developed which directly relates rainfall to suspended sediment load (SSL) at the reservoir outflow from the two years of measured data at Wyresdale Park Reservoir (Lancashire, UK). This nonlinear DBM model comprises two components: a rainfall to SSL model and a second model, relating the SSL at the reservoir inflow to the SSL at the reservoir spillway. Using a daily measured rainfall series as the input, this model is used to reconstruct daily deposition rates between 1911 and 1996. This synthetic sediment accretion sequence is compared with the variations in sand content within sediment cores collected from the reservoir floor. These profiles show good general agreement, reflecting the importance of low reoccurrence, high magnitude events. This preliminary study highlights the potential of this DBM approach, which could be readily applied to other sites.
INTRODUCTION
Reservoir sediments typically represent an important record of a catchment's erosion history. Reservoir based studies have been successfully applied as a means of reconstructing long-term sediment yields (e.g. Labadz et al., 1991; Curr, 1985; Foster & Dearing, 1986) . However, most have limited temporal resolution and are
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unable to generate information on seasonal or event-scale processes. The complexity of catchment sediment delivery and reservoir sedimentation mechanisms means that most physically-based or mechanistic models are highly parameterized and require extensive field calibration. In contrast, the data-based mechanistic modelling methodology discussed in this paper is well suited to complex systems where the input-output behaviour is of prime importance and suitable data are available. This approach naturally results in parametrically efficient, robust, low-order models which are inherently stochastic, and so can account for model uncertainty, sampling and measurement errors.
DATA-BASED MECHANISTIC (DBM) MODELLING
The DBM modelling approach exploits a suite of novel statistical time-series methods to produce parametrically efficient models of linear and nonlinear dynamic systems. Frequently, Transfer Functions (TF) with nonlinear extensions, to accommodate the nonlinearities encountered in hydrological systems, are used to model the system and offer an alternative and more objective approach to modelling. Here, the model structure and associated parameters are estimated (or optimized) directly from measured time series rather than assumed a priori (e.g. Box & Jenkins, 1970; Young & Lees 1993; Young, 1993; Young & Beven, 1994) . At the initial stage of the analysis, the TF models simply relate the behaviour of a system output variable to past values of the output, as well as present and past values of input variables of the system, taking into account the stochastic nature of the experimental data. If these data suggest that there is a significant nonlinearity in the data, then the TF model can be enhanced to incorporate such nonlinear effects (Young, 1993; Young & Beven, 1994) . In the DBM approach, the TF model structure and estimated parameters are often also interprétable in physically meaningful or mechanistic terms, revealing the dominant processes acting within the system (Young & Lees, 1993; Young, 1998) . The DBM transfer function approach is particularly useful for modelling fluvial systems since it can characterize the dynamics of parallel and feedback processes, whilst allowing for pure delays between system inputs and outputs (e.g. Young, 1992) .
CATCHMENT AND DATA Wyresdale Park Reservoir was constructed in 1895 in the grounds of Wyresdale Park, situated 10 km south of Lancaster in the northwest of England (Fig. 1) . The reservoir is small, shallow and unregulated, with a surface area of 0.08 km and mean depth of c. 1.5 m. A bathymétrie survey conducted in 1994 estimated that the storage capacity has been depleted from its original 148 000 m J to an estimated 126 000 m J with non-uniform sediment deposition patterns (Goodwill, 1998) . At the reservoir inlet and outlet, stage and suspended sediment concentration are measured at 15-min sampling intervals (March 1994 -February 1996 . For the purposes of this modelling study, these series have been averaged between 09:00 and 09:00 h to give the mean daily flow (m 3 s" 1 ) and mean daily suspended sediment load (SSL in kg s" 1 ), as required by the model scheme to match the sampling interval of the rainfall data. The series of daily rainfall totals recorded in the catchment headwater was found to correlate well with the daily precipitation totals from the neighbouring Barnacre catchment. Whilst acknowledging the inherent errors of rainfall measurement, the long uninterrupted Barnacre series was considered to be a very good historical surrogate for the Wyresdale catchment.
MODELLING APPROACH
Hydrological systems are complex and inherently nonlinear: in particular, the stream response to rainfall is heavily dependent upon the antecedent moisture conditions of the catchment. Sediment transport dynamics are additionally complicated by eventscale and seasonal variations in sediment availability, important because transport rates are typically supply limited. Similarly flood magnitude and duration govern the competence of the flow to convey sediment of a particular calibre to the basin outlet. Thus sediment fluxes comprise a series of nonlinear processes which need to be accounted for in the model.
Preliminary analysis of the rainfall-sediment load relationship at Wyresdale using linear transfer functions indicated the presence of a significant nonlinearity in the data, predominately associated with the rainfall input. Therefore, recursive Fixed Interval-Smoothing (FIS) techniques were employed to investigate this nonlinear behaviour, allowing the model parameters of the linear TF to vary over time in order to reflect the changing dynamics induced by the system nonlinearity (Young, 1999) . In the next step, State Dependant Parameter (SDP) modelling was used to investigate whether the identified temporal variations in the TF parameters could be explained by nonlinear functions of other state variables in the system (e.g. as a function of flow) (Young, 1993; Young & Beven, 1994) .
The general rainfall-sediment model identified in the above manner, then takes the form:
«.,(*) = «"(*)/(*:) + £(*) where
The argument (k) denotes the value of the associated variable at the kth sampling instant; Sj(k) is the mean SSL flux at the reservoir inflow sampled each day (kg s" 1 ); u{k) is total rainfall each day (mm); u se {k-ô) is the transformed rainfall with pure time delay 5 (days); y(k) is the model for flow into the reservoir, as suggested by the SDP analysis; H, a and P are constants; ^(k) and e(k) are general noise terms included to account for stochastic disturbances and unmeasured inputs to the system. The polynomial A(z~h) is defined as:
where (z _1 ) is the backward shift operator; that is z" J Si(k) = s,{k-f); while the integer n, is the number of parameters in the polynomial.
This SDP analysis indicated that measured flow y(k) and rainfall u(k) could be combined within a power law relationship to explain the temporal variations of the parameters in the TF. In hindcasting terms, measurements of flow are unavailable at the catchment, so the process is approximated by a linear TF with rainfall as an input. The inclusion of the power laws in equation (I) effectively linearizes the relationship between this newly defined transformed rainfall (u se ) term and sediment load Sj(k). Since the response between the transformed rainfall (u se ) and the suspended sediment load (s,) at the reservoir inflow is so rapid in relation to the coarse daily sampling interval, only a simple linear model with a gain parameter H is required to describe their relationship in equation (2). In physical terms, the first component of equation (1) is included to enhance intense rainfall events as a proxy indicator of greater erosive capability. The second term in equation (1) accounts for the antecedent soil moisture conditions in a similar manner to the antecedent precipitation index (API), (Shaw 1988) . Overall, the two combined nonlinear components of equation (1) produce a transformed rainfall equation which may be interpreted as a low pass filter, smoothing the fluctuating rainfall and producing a measure of the rainfall that is estimated as contributing to the movement of sediment through the catchment.
The SDP procedure identified the structure of the final nonlinear model and initial estimates of the power law parameters. In the final model estimation stage, the parameters of equations (l)-(3) are re-estimated using an optimization routine incorporating the discrete-time Simplified Refined Instrumental Variable (SRIV) algorithm (Young, 1984 (Young, , 1985 . The SRIV algorithm uses an instrumental variable approach for the robust unbiased estimation of constant parameter, linear transfer functions.
The best identified rainfall-sediment model over the calibration period (1994) (1995) (1996) is first order (i.e. n=\ for the TF denominator polynomial in equation (3)) and this explains 84% of the data (coefficient of determination i? 7 2 = 0.84). The coefficient of determination Rj is used to quantify model fit (see Young, 1992) : it is equivalent to the Nash & Sutcliffe (1970) efficiency criterion, with unity power.
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Note, however, that R^~ is based on the variance of the model residuals (Ô 2 ) compared with the variance of the data (rj 2 ) and is not the more conventional coefficient of determination R based on the variance of the one-step ahead prediction errors. This good model fit, coupled with validation over an independent part of the data not used for estimating the model, indicates that the model can be used, with reasonable confidence, as a simulation model for hindcasting sediment loads into the reservoir. The uncertainty associated with the model parameters is given by the covariance matrix P, which is estimated by the SRIV algorithm (see Young, 1984 ). The estimated model parameters are as follows, with parameter standard errors given in parentheses: Consequently, the model specific to Wyresdale becomes:
where the parameters are defined as in equations (1) and (2).
SEDIMENT TRANSMISSION MODEL
The second stage in this DBM modelling scheme is a simple nonlinear TF model estimated between SSL at the inflow (s,-) and SSL at the reservoir outflow (s 0 ). The general discrete-time model for the transmission of the sediment through the reservoir takes the form:
*»(*) = Trrr */(*-*) + £(*) and the integers m and p are the number of parameters in the polynomials. The identified sediment transmission model, over the two-year calibration period, captures the dominant dynamics of the system and explains 92% of the observed variability, with a coefficient of determination, R°~= 0.918. The parameters in equations (7)- (8) are estimated as d 0 = 1.9522(0.025), e t = -0.1495(0.011) and y = 1.775, with standard errors given in parentheses.
GENERATING HISTORICAL SERIES
The combined rainfall-SSL model calibrated over the two-year measured data series may now be used to extend the sediment records at the reservoir inflow and outflow by running the long rainfall sequence from 1911 to 1996 through the complete model. This simulation produces the 86-year, daily sediment sequences presented in Fig. 2 . As a test of the model's performance, the last period of the synthetic SSL outflow series for 1994-1996 is compared with the observed field data for the same period and the overall fit remains very good {R 2 r = 0.91). A section of the 1994-1996 data is presented in Fig. 3 . From the simulated series, the total deposited suspended sediment load in 86 years was estimated to be 3096 t, which, when an approximate bedload component is added (cf. Goodwill, 1998) , gives an average deposition of 57 t year" 1 . Although higher than the 53.lt year" estimated from the bathymétrie survey, this result is still very encouraging given the uncertainties involved in producing the modelled series and conducting bathymétrie surveys.
MONTE CARLO ANALYSIS
Since the overall model, represented by equations (5), (6) and (7), is calibrated from only two years of experimental data, a measure of uncertainty needs to be assimilated. Fortunately, the stochastic nature of the DBM methodology and SRIV estimation procedure enables the uncertainty associated with each parameter to be incorporated within a Monte Carlo (MC) framework. As pointed out previously, the SRIV estimation algorithm yields a covariance matrix (P), which defines the multivariate normal distribution surrounding the parameter estimate. For the MC analysis, a large number of simulations (stochastic realizations) are computed with different values of the model parameters selected at random from a Gaussian probability distribution defined by this covariance matrix (e.g. Whitehead & Young, 1979; Young, 1998) .
The cumulative sediment load graph for the two years of field data is plotted in Fig. 4 , where it is shown that 85% of the outflow SSL is transported in only 2% of the time, which is indicative of a flashy catchment. To illustrate the model uncertainty, a set of 3000 Monte Carlo simulations were run for the same period of the synthetic 86-year series. The resulting cumulative SSL curve, with standard error bounds derived from these MC simulations, is also plotted on consistent with that of the measured series, with the empirical curve fitting within the standard error bounds, indicating that the model is capturing the overall dynamic response of the suspended sediment fluctuations at the outflow quite well.
SYNTHETIC ACCRETION SEQUENCES
Through the DBM modelling process a synthetic 86-year inflow and outflow SSL sequence has been generated. Subsequently, by subtracting the outflow sequence from the inflow sequence, a daily estimate of the sediment deposited in the lake may be obtained. This series of daily sediment flux (kg s' 1 ) settling in the lake can then be converted into a synthetic sediment accretion sequence by distributing this load throughout the main (c. 27 000 m ) depositional basin on the reservoir bed. By dividing this sediment sequence by the average dry bulk density of Wyresdale sediments (0.242 g cm°), the load has been converted into an estimated sediment depth of 48 cm, which is a proxy indicator of spatially averaged sediment accretion, with an average annual accumulation of -0.55 cm year* 1 .
LAKE SEDIMENT CORES
Reservoir sedimentation rates typically exhibit spatial and temporal variations, with additional complexities associated with sediment fining, re-suspension and sediment focusing (Foster & Dealing, 1986) . Consequently, the interpretation of particle size profiles requires caution because flood events of different magnitudes result in sediment accumulation at variable rates (Curr, 1985) . Nevertheless, it has been demonstrated at Wyresdale that the sand component of the suspended sediment becomes significantly greater with increasing flow (Goodwill, 1998) . As such, it can be inferred that the sand content of the reservoir deposits should represent an important proxy record of flood frequency and magnitude over the study period. The lake sediments are undisturbed at Wyresdale, therefore, a series of cores were retrieved from the lake floor for analysis and comparison with the synthetic accretion profile. The cores were extracted from the reservoir floor near to the dam wall using aim Mackereth corer (Mackereth, 1969) . The core that provided the greatest depth of sediment was sectioned into 0.6 cm increments and particle size analysis was performed on each sediment slice using a Coulter LS230 laser granulometer following dispersal with a 0.4% Calgon solution without peroxide digestion of the organic material (cf. Duck, 1996) . Figure 5(a) illustrates variations in the sand content of the core, a break in the core at a depth of 54 cm is believed to occur at the interface between the limnologie material and fluvial material of the of the pre-inundation surface (c. 1895).
This sediment core was also independently dated using radiocaesium 137 Cs in order to provide an absolute dating chronology (cf. Foster & Bearing, 1986) . The resultant lj7 Cs profile has a distinct peak at a depth of 8-10 cm (470 Bq kg" 1 ) attributable to the Chernobyl nuclear reactor disaster in 1986. A second peak at a depth of 19 cm (210 Bq kg' ), corresponds to the peak of above ground atomic weapons testing during 1959 -1963 , (cf. Rowan et ah, 1993 . Below the second peak, the 137 Cs concentration effectively declined exponentially to a maximum depth of 28 cm. This apparent tail in the distribution suggests some down-profile translocation associated with diffusion Reservoir (1911 Reservoir ( -1996 with standard error bounds (black dashed lines). Large dashed lines connect correlating peaks in the lake core and synthetic core.
processes such as sorption-desorption and/or sediment mixing (cf. Comans et al., 1998) . These caesium measurements provide date markers for the sediment core, therefore, it was with considerable caution that a date of 1954 was assigned to the depth of 28 cm.
The left-hand plot in Fig. 5 is the percentage sand content of the lake core with depth; and the right-hand plot, alongside, is the annual increment of sediment (g cm") from the synthetic sediment model. When these two profiles are plotted side by side, there is some visual agreement between many of the larger peaks in the sand profile, which are indicative of coarser sedimentation units, and large peaks in the annual sedimentation profile. The key wet winters of 1916-1917, 1927, 1954, 1963 and 1980-1981 , which produced high sediment yields in the sediment model, would also appear to be evident in the lake core, reflected by the increased sand fractions, which are indicative of large flows. For example, the three storms 26-27 October and 14 and 21 November 1980 are estimated to collectively contribute 31% of the simulated sediment input for that year. The position of this coarse layer is in reasonable agreement with the prediction made by the TF model.
The ' 7 Cs information also enables annual accretion rates to be determined for the lake core. For the period 1963-1986, the annual accretion is approximately 0.5 cm year" 1 ; for the period 1954-1963, the accretion rate is higher at -0.95 cm year" 1 and for 1895-1953, the accretion rate falls to a lower rate of -0.45 cm year" 1 . In support of the modelling approach, which is based on the sediment dynamics of the contemporary catchment, these rates compare reasonably to those of comparable periods from the synthetic core profile: 1895-1953, -0.44 cm year" 1 ; 1954-1963, -0.75 cm year" 1 and 1964-1986, 0 .65 cm year"
1 . The TF model used to generate the synthetic sediment sequence assumes that the dynamics of the contemporary catchment can be extended over historical time scales. Whilst the synthetic sediment series has identified many significant sediment horizons, there is a notable increase in the average dry bulk density and the sand fraction of the lake core below a depth of 20 cm which cannot be explained by the TF model. The synthetic profile sedimentation rate for 1954-1963 is also notably lower than the lake core suggests. These factors suggest that the behavioural response of the drainage basin may have changed, possibly due to land use or land management modifications. Goodwill (1998) proposes that land management factors contributed to an acceleration in sediment deposition during this period (post 1950), which is attributed to increased stocking density on pastures and extensive drainage operations. Also, anecdotal evidence suggests that a series of trout farm fry-ponds above the reservoir inflow were abandoned during the early 1960s, causing accelerated sedimentation at the head of the reservoir. Whilst sediment yields were increasing around this time, the consequence of this additional management change appears to have been to reduce the modal size of the sediment conveyed into the main sedimenting basin of the reservoir. In consequence, these variations in catchment behaviour could result in variations in the model parameters over time. However, since measured historical sediment series are not available, the magnitude of any deviations by the model as a result of these changing responses cannot be readily quantified. Nevertheless, the sediment cores and bathymétrie survey indicate that the constant parameter model does provide a reasonably realistic hindcast sequence.
DISCUSSION
This paper has demonstrated how the novel time series techniques of the data-based mechanistic (DBM) modelling methodology can be used to model the nonlinear relationship between rainfall and sediment load. The DBM modelling approach then provides an opportunity to use extended rainfall records to elucidate the sediment transport dynamics over much longer periods than are currently available in most monitoring programmes. These data can be used to explore magnitude-frequency relationships and their implications for event horizon preservation within sediment profiles. Acknowledging the difficulties in correlating the peaks between the synthetic sediment sequence and the lake core, the preliminary results of this study show that the model has been able to predict, with reasonable accuracy, the location of a number of discrete flood horizons. However, evidence of a nonlinear response to flood magnitude is tentatively linked to land management changes within the drainage basin over the historic period.
The DBM methods were developed primarily for modelling systems based on time-series data collected during monitoring exercises carried out on the real system. DBM models, therefore, represent the dominant modes of system behaviour that are clearly identifiable from the data series. DBM models are consequently heavily dependent on the quality and availability of data, which can restrict their use as a tool in environmental management and planning in comparison with simulation models. It cannot be assumed, for instance, that DBM modelling will always be successful since the information content of the data may not be sufficient to ensure that a meaningful model is identifiable. On the other hand, DBM models do not require intensive optimization procedures, which are a feature of many complex conceptual and physics-based models of environmental systems, and so it provides a powerful tool in data-rich situations.
Future research will aim to build on the Wyresdale study described here and will seek to implement the DBM methodology in order to identify the rainfall-sediment relationship in other upland catchments. More specifically, work will focus on determining the transferability of the DBM modelling methodology to larger scale catchments, which are better suited to studies of this nature and where higher resolution sediment cores are available. The potential lies, therefore, to extend the flood record back over significantly longer time scales with the aim of gaining important insights into the magnitude and frequency characteristics of a catchment well beyond the limits of the instrumented record. Further, the DBM approach provides a good platform for future research initiatives, such as evaluating the effects of model uncertainty and the implementation of Kalman filter-based forecasting models for both discharge and sediment transmission.
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